14C-Ethylene was metabolized by etiolated pigweed seedlings (Amaranthus retroflexus L.) in the manner similar to that observed in other plants. The hormone was oxidized to 14CO2 and incorporated into 14C-tissue components. Selected cyclic olefins with differing abilities to block ethylene action were used to determine if ethylene metabolism in pigweed is necessary for ethylene action. 2,5-Norbomadiene and 1,3-cyclohexadiene were effective inhibitors of ethylene action at 800 and 6400 microliters per liter, respectively, in the gas phase, while 1,4-cyclohexadiene and cyclohexene were not. However, all four cyclic olefins inhibited the incorporation and conversion of 14C-ethylene to '4CO2 by 95%
The existence of an ethylene metabolizing system in plants was firmly established in 1975 after the finding that aseptically grown pea seedlings could incorporate highly purified [14C] ethylene into tissue components and oxidize it to '4CO2 (2) . Subsequently, the cotyledons of Vicia faba were found to rapidly convert 14C2H4 to ethylene oxide (15) . Identified nongaseous products ofethylene oxidation include ethylene glycol and its glucose conjugate (9) , as well as oxalate and glycollate (12) .
It has been suggested that ethylene metabolism may be required for ethylene to carry out its biological function (2, 3, 5) . This suggestion was based on evidence that levels of ethylene metabolism correlated with changes in the sensitivity of pea seedlings (3), cotton leaf abscission (7) , and flower senescence (4, 5) to ethylene, and on the ability of Ag+ to block ethylene action and metabolism in a parallel fashion (6) . However, in fava beans, a similar correlation could not be established since CS2 inhibited ethylene metabolism without a significant effect on ethylene action (1, 4) .
The discovery that some cyclic olefins (17, 18) are potent and specific inhibitors of ethylene action provides the opportunity to once again evaluate the significance of ethylene metabolism with regard to ethylene action. If ethylene metabolism is required for ethylene action then the antiethylene activity of cyclic olefins would be expected to parallel their ability to block ethylene metabolism. Our report examines this possible relationship.
MATERIALS AND METHODS

Chemicals
[U-14C]Ethylene (87 mCi/mmol) was purchased from Amersham International, Amersham, UK. Although GC analysis indicated that the purchased material was pure, some experiments were conducted with ultrapure ['4C]ethylene obtained by the method of Beyer (2) . Similar results were ob- tained with both types of ethylene. All other chemicals were purchased from the Aldrich Chemical Co., Milwaukee, WI.
Plant Material
All experiments were done in 530 mL side-arm flasks fitted with ground glass stoppers. Pigweed seeds (185 mg) (Amaranthus retroflexus L.) were sprinkled on top of three 5.5 cm circles of Whatman No. filter paper placed on the bottom of the flasks and moistened with 2 mL of deionized water.
Flasks with an open side arm were incubated for 24 h in darkness at 26°C. Thereafter, side arms were sealed with serum vial caps through which the experimental compounds in liquid form were injected (except for the air control treatments).
Ethylene Metabolism Study
For the ethylene metabolism studies, 0.3 mL of air containing [U-'4C]ethylene were injected into each flask to reach a final concentration of 1.5 gL/L which was subsequently verified by GC analysis. Radioactive ethylene was injected after the test compound had evaporated from the inside of the flask arm. '4CO2 was trapped in 2 mL of 1.5 N NaOH solution contained in a 3 mL plastic beaker placed in the center of the flask. Seventy-two h after the injection of ['4C]ethylene, the flasks were opened, and the NaOH solution was transferred to a scintillation vial, dried under N2, resuspended in 4.5 mL of H20, mixed with 16 mL of Aquasol-2 (New England Nuclear, Boston, MA) and counted in a Tri-Carb Liquid Scintillation Spectrometer (model 4640, Packard Instruments Co., Downers Grove, IL). Because 92% of the radioactivity in the dried NaOH could be liberated after acidification with HCl, it was concluded that 14C02 was the major gaseous metabolite trapped in NaOH. For the determination of 14Cincorporation into seedling tissue, seedlings were removed from the flasks, freeze-dried at -20°C, and combusted in a Tri-Carb Sample Oxidizer (model 306, Packard Instruments Co.). Radioactivity was determined in a Tri-Carb Liquid Scintillation Spectrometer (model 4640).
Growth and Ethylene Evolution Measurements
All growth measurements were performed 72 h after the introduction of the experimental compounds by determining the average height of the 10 tallest seedlings in each flask. For the determination of ethylene evolution, 1-mL gas samples were withdrawn through the serum vial caps with a gas tight syringe prior to opening of the flasks at the end of the 72 h incubation period. Gas samples were injected into a Hewlett- Packard gas chromatograph (model 5840A, Palo Alto, CA) equipped with a flame ionization detector and a 60/80 mesh activated alumina column (120x0.2 cm) operated at 75°C. Sterilizing experimental labware and pigweed seeds did not affect ethylene metabolism, seedling growth, or ethylene evolution (data not shown). Therefore, nonsterile conditions were used in subsequent experiments. All experiments were repeated at least three times.
RESULTS
Pigweed seedlings grown in air were 4.8 times taller than seedlings exposed to 1.5 qL/L C2H4 (Fig. IA) . However, increasing the concentration of 2,5-norbornadiene progressively reversed ethylene-induced inhibition of seedling growth until, at 800 ,L/L, reversal was complete. The concentration of 2,5-norbornadiene which overcame 50% of the ethylene induced growth inhibition (I50) was estimated at 120 ,L/L. A possible explanation for the slight increase in height of pigweed seedlings treated with 100 to 1600 /iL/L 2,5-norbornadiene is that these concentrations counteracted the small growth-inhibitory effects produced by endogenous ethylene (18) .
2,5-Norbornadiene was very effective in inhibiting C2H4 oxidation to '4C02 and 14C-incorporation into the pigweed tissue (Fig. 1B) . At 6400 ,L/L, 2,5-norbornadiene caused 97% or more inhibition of both ethylene metabolism to CO2 and ethylene incorporation into pigweed seedlings. The I50 for both of these processes (the concentration of 2,5-norbornadiene which caused a 50% inhibition of ethylene oxidation to CO2 or 50% inhibition of 14C tissue incorporation) was around 90 ttL/L. 1,3-Cyclohexadiene ( Fig. 2A ) was the only other tested compound with significant antiethylene activity (Iso=720 ,uL/ L). 1,4-Cyclohexadiene (Fig. 3A) and cyclohexene (Fig. 4A ) had little antiethylene activity while cyclohexane, a nonolefin, had none (Fig. 5A ).
All cyclic olefins were very effective in blocking ethylene metabolism to CO2 and '4C-incorporation into pigweed tissue with I50s below 100 jL/L (Figs. 1B-4B ). Cyclohexane did not inhibit ethylene metabolism or tissue incorporation (Fig. 5B ). Figure 6 shows the effect of different concentrations of cyclic olefins and cyclohexane on ethylene evolution from etiolated pigweed seedlings. Increasing concentrations of 2,5norbomadiene and 1,4-cyclohexadiene gradually enhanced ethylene evolution from the pigweed seedlings. 1,3-Cyclohexadiene had only a small effect, while cyclohexene had none, in spite of its pronounced ability to block ethylene metabolism. 
DISCUSSION
Etiolated pigweed seedlings metabolize ethylene in a manner similar to that described for other plants (2) . The most prominent ethylene metabolic pathway in pigweed involves tissue incorporation of "'C and the release of "'CO2. Ifethylene oxidation is a requirement for ethylene action, then a positive correlation would be expected between the antiethylene activity of a compound and its ability to inhibit ethylene metabolism. Therefore, blocking ethylene action should result in a concomitant reduction in ethylene metabolism. However, as the data presented in Figures 1 to 4 demonstrate, such a correlation does not exist. Namely, 1,4-cyclohexadiene and cyclohexene inhibited ethylene metabolism by more than 90% at concentrations which showed no antiethylene effects. The ability of certain cyclic olefins to uncouple ethylene action from ethylene metabolism leads to the conclusion that elevated levels ofethylene metabolism, as observed at 1.5 AL/ L of ['4C]ethylene, are not required for ethylene action. This conclusion agrees with the earlier observation that CS2 inhibits ethylene metabolism without a significant effect on ethylene action (1, 4) . It is also known that ethylene oxygenases, in addition to plants, are found in microbes (10, 1 1) and animals ( 14) where ethylene plays no apparent role.
Controlling endogenous levels of ethylene may be another conceivable role of an ethylene metabolizing system in plants (8) . The correlation between ethylene metabolism and resistance to waterlogging in Viciafaba provides some support for this idea (13) . However, blocking ethylene metabolism with cyclohexene and 1,3-cyclohexadiene did not significantly increase ethylene evolution from pigweed seedlings (Fig. 6) . Therefore, if any metabolism of endogenous ethylene takes place it is small compared to ethylene synthesis and is unlikely to play a role in regulating ethylene levels in pigweed seedlings. Both 2,5-norbornadiene and 1,4-cyclohexadiene stimulated ethylene evolution, but the kinetics of this stimulation was very different from the kinetics of inhibition of ethylene metabolism (cf. Fig. 6 with Fig. lB and Fig. 3B ). For example, the 15o for the inhibition of ethylene oxidation to CO2 with 2,5-norbornadiene and 1,4-cyclohexadiene were 88 and 75 ppm, respectively, while 470 and 1600 ppm of these compounds were necessary to double ethylene evolution from pigweed seedlings. It seems more likely that the increase in ethylene production may have been more of a chemical stress response. Alternatively, cyclic olefins can act as ethylene analogs in inducing autocatalytic ethylene synthesis (16) or as uncouplers of negative feedback.
It should be stressed, however, that the function and prop-erties of ethylene metabolizing systems may be different in different species (8, 19) or in plant tissues which show no response to ethylene.
